Microsporidia are a diverse group of highly derived fungal relatives that are intracellular parasites of many animals. Both transcription and introns have been shown to be unusual in microsporidia: The complete genome of the human parasite Encephalitozoon cuniculi has only a few very short introns, and two distantly related microsporidian spores have been shown to harbor transcripts encoding several genes that overlap on different strands. However, microsporidia alternate between two life stages: the intracellular proliferative stage and the extracellular and largely metabolically dormant infectious spore. To date, most studies have focused on the spore. Here, we have compared transcription profiles for a number of genes from both life stages of microsporidia and found major differences in both the prevalence of overlapping transcription and splicing. Specifically, spore transcripts in E. cuniculi have longer 5# untranslated regions, overlap more frequently with upstream genes, and have a significantly higher number of transcription initiation sites compared with intracellular transcripts from the same species. In addition, we demonstrate that splicing occurs exclusively in the intracellular stage and not in spore messenger RNAs (mRNAs) in both E. cuniculi and the distantly related Antonospora locustae. These differences between the microsporidian life stages raise questions about the functional importance of transcripts in the spore. We hypothesize that at least some transcripts in spores are a product of the cell's transition into a dormant state and that these unusual mRNAs could play a structural role rather than an informational one.
Introduction
The typical picture of gene expression in nuclear genomes involves transcription to produce a monocistronic messenger RNA (mRNA), the removal of its spliceosomal introns, and the addition of a 5# cap and 3# poly-A tail. These events are highly integrated activities within the eukaryotic cell, coordinated largely by RNA polymerase II (RNAP II) and multiple other proteins (Bentley 2005; Hagiwara and Nojima 2007; Moore and Proudfoot 2009) . These events are also highly conserved in evolution: Within most eukaryotes, these core characteristics are generally shared by most genes, and although spliceosomal introns are variable in density between genomes, overall they are very common (although there is a long-standing debate about their origin, potential functions, and evolutionary significance) (Collins and Penny 2005; Rogozin et al. 2005; Koonin 2006) .
Microsporidia are unicellular eukaryotes that are obligate intracellular parasites whose hosts include a wide range of animals. Although there is a great deal of variation among species, a generalized microsporidian life cycle proceeds as follows (reviewed in Vavra and Larsson 1999; Keeling et al. 2005 ; see supplementary fig. S1, Supplementary Material online). The spore is the extracellular infective stage of the parasite. When a spore germinates, a tightly coiled organelle, called the polar tube, everts piercing the spore wall. If the tube contacts the membrane of a host cell, it can be used to inject the spore contents into the host cell's cytoplasm or induce phagocytosis. Within the host, the parasite proliferates before producing more spores that eventually lyse the host cell. The spores may infect adjacent cells or they may be excreted, eventually leading to the infection of a new host.
Microsporidian cells and genomes are both highly derived and reduced, so they have been found to defy many conventions common to other eukaryotes. Transcription has been investigated in two distantly related microsporidia: Antonospora locustae and Encephalitozoon cuniculi (see supplementary fig. S2 , Supplementary Material online). The E. cuniculi genome has been completely sequenced and at 2.9 Mbp is very near the lower limit for a eukaryote. The E. cuniculi genome encodes a mere ;2,000 protein-coding genes, separated by small intergenic regions, and even the proteins themselves are small in comparison with homologs in other eukaryotes (Katinka et al. 2001) . Antonospora locustae is a grasshopper parasite with an estimated 5.4-Mb genome that has been partially sequenced (Slamovits et al. 2004 ; A. locustae Genome Project http://gmod.mbl.edu/perl/site/ antonospora01?page5intro). Although its genome is roughly twice the size of that of E. cuniculi, those regions that have been examined indicate gene densities similar to that seen in E. cuniculi (Slamovits et al. 2004) .
Spores of both E. cuniculi and A. locustae have been shown to possess transcripts containing more than one gene Corradi, Burri, and Keeling 2008) . These multigene transcripts are distinctly different from prokaryotic operons because many of the genes are not full length or are encoded on opposite strands of the DNA, altogether suggesting that multiple functional proteins could not be produced from such transcripts Corradi, Burri, and Keeling 2008) . Instead, it is likely that these transcripts are a by-product of genome compaction and result from extremely small intergenic spaces; indeed, it has been shown that transcripts are more likely to contain fragments of adjacent genes when intergenic spaces are small (Corradi, Burri, and Keeling 2008) .
Another interesting feature related to compaction is the rarity and nature of spliceosomal introns in these genomes. Only 16 introns in 15 genes were predicted in the E. cuniculi genome (Katinka et al. 2001; Vivares et al. 2002) , and the genome of Enterocytozoon bieneusi has been predicted to encode no introns at all (Akiyoshi et al. 2009 ). The E. cuniculi introns are extremely short (23-52 nt) and are almost exclusively found in ribosomal proteincoding genes (RPGs). Although splicing has never been experimentally demonstrated in microsporidia, E. cuniculi and A. locustae possess many spliceosomal proteins and at least four small nuclear RNAs (Katinka et al. 2001; Davila Lopez et al. 2008) . Spores are also known to contain proteins encoded by intron-containing genes (Brosson et al. 2006) . Because these proteins could not be expressed without intron removal, it is reasonable to assume that mRNA splicing has to occur in E. cuniculi.
Both transcription and intron splicing are integral to gene expression, but unfortunately, neither has been studied in the actively growing and dividing life stage of microsporidia. In the present study, we have sought to systematically compare both processes between microsporidian spores and intracellular stages (which we collectively refer to as ''meronts'') and identified stark differences in the regulation of transcription and splicing. Splicing is active in meronts but inactive in spores, and both the abundance and the nature of overlapping transcripts also differ. Overall, spore transcripts are less like typical eukaryotic transcripts compared with those of meronts, leading us to speculate that many spore mRNAs may not function in gene expression.
Materials and Methods
Encephalitozoon cuniculi (genotype II) material was obtained as a generous gift from the Didier lab in the Faculty of Tropical Medicine at Tulane University (New Orleans, LA). Intracellular stages (see supplementary fig. S1 , Supplementary Material online), which we cannot separate physically and we collectively refer to as meronts, were harvested from RK-13 (rabbit kidney) cell cultures 48 h after infection and stored in RNAlater (Ambion). Antonospora locustae spores were obtained from M&R Durango Inc. (http://www.goodbug.com/). To obtain A. locustae meronts, Semaspore Bait was obtained from Seeds of Change (http://www.seedsofchange.com) and fed to locust (Schistocerca gregaria) nymphs (kindly provided by Nancy Brard, Faculty of Land and Food Systems, University of British Columbia) during the second instar stage. The locusts were allowed to mature to adulthood and then sacrificed. Their fat bodies were removed and stored in RNAlater (Ambion). All E. cuniculi and A. locustae spores and meronts were disrupted by grinding in liquid nitrogen. RNA was extracted using Ambion's RNAqueous Kit.
To examine transcription, 31 genes were selected based on their synteny with A. locustae (Corradi, Burri, and Keeling 2008) , and 5# nested Rapid Amplification of cDNA Ends (RACE) was carried out using Ambion's FirstChoice RLM-RACE Kit. An annealing temperature of 55°C was used for all reactions. Minus TAP controls were employed to ensure that there was no contaminating DNA. The 5# nested primer had a 5-carboxyfluorescein attached to the 5# end. A list of gene-specific primers used is provided in supplementary table S2, Supplementary Material online. All 5# nested RACE products were analyzed by capillary electrophoresis (CE) to determine their sizes (Corradi, Gangaeva, and Keeling 2008) , and some products were reconfirmed by cloning and sequencing (see below). Results were analyzed using Peak Scanner Software v1.0 (Applied Biosystems). Transcripts were considered to be the same length if the 5# ends were within 10 bp or less of each other. Transcripts that were of sufficient length to be overlapping with upstream genes (indicated in fig. 1 and supplementary table S1, Supplementary Material online) were cloned, where possible, and sequenced for verification.
To examine splicing, 5# nested RACE was performed using Ambion's FirstChoice RLM-RACE Kit. Annealing temperatures of 55-65°C were used for all reactions. A list of primers is provided in supplementary table S3, Supplementary Material online. Products were resolved on agarose gels, resulting bands were excised, and products were gel isolated and cloned using Invitrogen's TOPO TA Kit. At least ten clones of each transcript were sequenced, with the exception of L5, L37, L39, S24, and S29 from E. cuniculi spores, where RACE products could not be obtained. Only one sequence was obtained for S30 from E. cuniculi spores.
Results

Transcription
Previous studies of E. cuniculi spores have demonstrated that a high proportion of loci produce multigene transcripts (Corradi, Burri, and Keeling 2008) . To determine whether or not this pattern extends to other life stages, 5# RACE products were obtained from both spores and meronts for 31 genes and their sizes determined by CE (supplementary table S1, Supplementary Material online).
Transcripts from spores generally had longer 5# untranslated regions (UTRs) than those from meronts and a greater Gill et al. · doi:10.1093/molbev/msq050 MBE tendency to overlap with upstream genes, but the results were highly variable from gene to gene ( fig. 1 ). In 48% of the genes examined, the size of the shortest RACE product was the same in spores and meronts (i.e., within 10 bp on CE; see Materials and Methods); in 42% of the genes, it was smaller in meronts, and in 10% of genes, it was smaller in spores. When comparing the size of the longest RACE product, in 65% of genes, it was longer in spores; in 16% of the genes, it was longer in meronts, and in 19% of the genes, they were identical. The longest 5# RACE products were also examined to assess overlap with upstream genes. Overlapping transcription occurred in spores exclusively in 39% of the genes, in both spores and meronts in 13% of the genes, and in meronts in only 6% of the genes. Transcripts did not overlap in either stage in 42% of the genes. For more than half the genes examined, one transcription start site in spores was located within 10 bp of a meront start site. Three genes had two shared transcriptional start sites between spores and meronts (see supplementary table S1, Supplementary Material online). The average number of transcription start sites per gene examined was 2.48 in spores and 1.68 in meronts, which is consistent with observations of multiple start sites being common in yeast (Zhang and Dietrich 2005; Miura et al. 2006) , mouse, and human (Carninci et al. 2006) .
It was also observed that 78% of the meront and 59% of the spore transcripts initiated within 50 bp of an upstream TATA or TTTR sequence. The higher frequency in meronts suggests that this motif might be functionally significant to transcription initiation, although it differs from the predicted promoter elements of polar tube protein-coding genes proposed by Delbac et al. (2001) . Consequently, although of interest, the significance of these potential motifs remains unknown, and the overall AT richness of the E. cuniculi genome (G þ C 5 51%; Katinka et al. 2001 
Splicing
Transcripts were also examined for those genes annotated as containing introns. As all genes examined possess introns predicted to be located at the extreme 5# termini of transcripts, 5# RACE was employed as described above; however, for these genes, the RACE products were cloned and sequenced in order to verify the presence or absence of splicing. Transcripts produced in the spore stage were obtained for 10 of the 15 genes annotated as intron containing (see Materials and Methods). Each product was cloned, and at least ten clones of each product were sequenced. Surprisingly, however, in none of the cDNAs examined were the introns spliced (table 1). Given that spore transcripts are otherwise ''mature'' (i.e., polyadenylated and capped), the lack of evidence for splicing in this life stage Microsporidian Stage-Specific Splicing and Transcription · doi:10.1093/molbev/msq050 MBE is unexpected and leads to the provocative possibility that splicing is inhibited in spores (see Discussion). The presence of multiple splicing factors and the protein products of spliced transcripts in spores, however, suggests that splicing must take place in E. cuniculi, so we also examined meront mRNAs. Interestingly, both spliced and unspliced transcripts could be identified in 13 of the 15 predicted introncontaining genes (where 1 gene contains two introns; table 1). L7A and S29 were the only genes from which spliced transcripts were not found. 5# nested RACE products from these transcripts were examined via CE to further assess whether any spliced transcripts were present. Splicing appeared to be absent in both cases (supplementary fig.  S3 , Supplementary Material online), suggesting these might not contain bona fide introns, a result in line with other studies (Cornman et al. 2009; Lee, Gill, Roy, Fast, unpublished data) . Of the 14 spliced introns, 6 were also shorter than previously annotated (table 1) .
Meront transcripts for intron-containing genes also stood out because of their consistently short 5# UTRs compared with those of the intron-lacking gene transcripts examined in the same life stage ( fig. 1 ). Several lines of evidence rule out the possibility that this difference resulted from a technical artifact. First, all transcripts were amplified using the same method (5# RACE), the difference only lies in the method used to differentiate the products (CE or cloning/sequencing). Second, there is no distinct difference between CE and cloning/sequencing results for transcripts analyzed from the spore stage. Third, RACE fragment lengths identified by CE were corroborated by cloning/ sequencing for several genes (those with putative overlapping open reading frames, indicated in fig. 1 ). Taken together, those meront transcripts arising from introncontaining genes or RPGs appear to have very short 5# UTRs. We cannot comment on the 5# UTR length of all RPGs but of the three that lack introns that were examined in this study, L7a and S29 (which lack bona fide introns; see bottom of fig. 1 ) and L13, all have short 5# UTRs ( fig. 1 and supplementary table S1, Supplementary Material online).
To see if the observed lack of splicing in E. cuniculi spores is a general feature of microsporidia, transcripts from the distantly related A. locustae were also examined. No spliced transcripts of three intron-containing genes were recovered from A. locustae spores, suggesting that the inhibition of splicing in spores could be widespread within this group. A mixture of spliced and unspliced transcripts was recovered from the infected locust tissue, suggesting that splicing also does take place in the proliferative stage of A. locustae, as was observed in E. cuniculi. Given that the A. locustae material harvested from locust tissue was almost certainly a mixture of meronts and spores, in this particular case, it is impossible to tell whether the unspliced transcripts originated from spores, from meronts, or from both.
Discussion
Our results show that an apparent dichotomy exists between mRNAs from microsporidian spores and meronts. Transcripts from spores are unspliced and have longer 5# UTRs that overlap more frequently with upstream genes. Transcripts from meronts are often spliced and have shorter 5# UTRs that are less likely to overlap with upstream genes. Spore transcripts were also found to initiate at a higher number of locations compared with meront transcripts and less likely to start in the close proximity of a TATA or TTTR sequence. All these observations raise a number of questions about the function of mRNA in the spore.
Spore transcripts are known to be polyadenylated and possess 5# caps (Flegel and Pasharawipas 1995; Williams et al. 2005) , so the absence of splicing is at odds with the typical situation in eukaryotes, where transcription by RNAP II and RNA processing are tightly interwoven processes that generally occur at the same time (Moore and Proudfoot 2009 ). The C-terminal domain of RNAP II is able to interact with and coordinate multiple proteins that act to polyadenylate 5# cap and splice mRNA as it is being transcribed, and multiple lines of evidence have shown that transcription by RNAP II and splicing are very closely linked (see, e.g., Kornblihtt et al. 2004; Bentley 2005; Hagiwara and Nojima 2007) . Moreover, components of the U1 small nuclear ribonucleoprotein interact with RNAP II and also help regulate transcription initiation (Kwek et al. 2002; Das et al. 2007) , and the Saccharomyces cap-binding complex proteins that act in the 5# capping process also aid in the recruitment of splicing factors to nascent mRNA (Gornemann et al. 2005) . The myriad of parallels between animal and yeast transcription and mRNA processing suggest that this system is at least partly conserved among opisthokonts, so there is no reason to assume a priori that microsporidia would differ drastically in these key MBE processes. Therefore, the degree to which spore transcripts look ''unusual'' is striking, particularly in comparison with transcripts observed in the meront stage. In contrast, it appears that transcription and splicing in the meront operate in a similar manner to what is observed in other eukaryotes. It is possible that splicing is suppressed in spores for functional reasons. For example, certain Saccharomyces cerevisiae genes are efficiently spliced exclusively during sporulation, and removal of introns from these transcripts leads to protein production that is restricted to the sexual phase of the life cycle (Davis et al. 2000; Juneau et al. 2007 ). Environmental stresses have also been shown to affect splicing of certain functional classes of genes in yeast (Pleiss et al. 2007) . In this latter case, it has been hypothesized that energy is saved during starvation by reducing translation through inhibition of splicing. This could also be the case for microsporidia, but given the general oddities of transcript structure in microsporidian spores, it is unclear whether such broad function can be assigned to splicing regulation in E. cuniculi.
Another interesting possibility is that at least some mRNAs in spores remain untranslated and serve a structural/functional role rather than an informational one. Identifying the location of the unspliced and unusual transcripts within the spore would provide important insights into this question as other eukaryotes are known to export unspliced products to the cytosol for degradation (Isken and Maquat 2007) . Given that polyribosome structures have been observed in microsporidian spores (see, e.g., Vavra and Larsson 1999) , if unspliced microsporidian spore transcripts were also exported to the cytosol, there would be a possibility that they may play a role in polyribosome formation, tethering the ribosomal subunits together. Finally, given the emerging picture of RNA transcription and processing in the spore, there is a distinct possibility that these overlapping and unspliced transcripts might not serve any function at all and that they could represent merely ''junk'' and unprocessed mRNA molecules. One could imagine that the stepwise shutting down of expression subsystems could result in various by-products: If, for example, the spliceosome and some elements of initiation regulation were shut down early, unspliced transcripts with long and variable 5# ends could be the last mRNAs to be leftover. Upon germination, spore mRNAs could be degraded, and transcription would replace them with meront-specific transcripts ready to be translated. This scenario raises questions about the potential metabolic differences between the two life stages, as well as between microsporidia and better-characterized systems like yeast.
This study also raises the possibility that the expression of intron-containing genes and ribosomal protein genes is regulated differently in meronts than in other genes based on their very short 5# UTRs in meronts. This feature is not exclusive to these two types of transcripts, however, so any firm conclusion along these lines is premature. However, splicing is known to regulate gene expression in other systems and could also be playing a role in microsporidia.
Overall, it is clear that although splicing and transcription are key processes that are tightly interconnected in eukaryotes, they operate very differently in the spore and meront life stages of microsporidia. Although overlapping transcription is still present in meronts, it is considerably less prevalent than it is in spore RNA, and spore RNAs are generally more unusual in all other characteristics we observed.
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